Editor's key points † Small-interfering RNAs (siRNAs) may have utility as a tool to modify gene expression. † This study found that a range of different siRNAs dose-dependently up-regulate interferon (IFN)-a. † IFN-a has an anti-nociceptive effect in naïve and inflammatory rodent models, via opioid mechanisms. † Potential non-specific analgesic effects of siRNAs must be considered when used as a therapeutic tool.
Interferons (IFNs) were discovered as natural anti-viral substances produced during viral infections and were initially characterized for their ability to 'interfere' with viral replication, slow cell proliferation, and profoundly alter immunity. There are two major types of IFNs: type-I contains IFN-a and IFN-b, two of the major members, and also IFN-v, IFN-t, IFN-d, IFN-k, and IFN-1, whereas type-II contains only IFN-g. 1 Recent studies showed that IFN-g was produced by astrocytes in the central nervous system (CNS) and enhanced neuropathic pain by stimulation of IFN-g receptors specifically expressed in spinal microglia. 2 3 RNA interference is widely used to study gene function and develop new therapeutic reagents. 4 5 This strategy was also explored for the treatment of persistent pain. 6 7 Effective delivery of small-interfering RNAs (siRNAs) to the CNS remains to be a challenge. Systemic delivery of unmodified siRNAs to the CNS is currently precluded, since siRNAs do not readily cross the brain -blood barrier and are rapidly degraded in vivo by endonucleases. However, intrathecal (spinal) injection of siRNAs into the spinal fluid, together with several delivery-assisting reagents such as lipofectamine, iFect, and polyethyleneimine (PEI), has been shown to knockdown gene expression in the dorsal root ganglion and spinal cord and modulate pain sensitivity. 6 -10 Of note, siRNAs have been shown to induce type-I IFN responses. 11 12 It is virtually unknown whether siRNA can trigger IFN-a responses in the spinal cord to regulate pain sensitivity. We examined whether intrathecal siRNAs could induce IFN-a expression in the spinal cord and whether siRNA could modulate pain via IFN-a.
Methods

Drugs and reagents
To avoid knocking down the expression of specific genes, we used non-targeting (NT) siRNA and RNA-induced silencing complex (RISC)-free siRNA. Because GU-rich siRNA was shown to induce profound IFN-a expression in immune cells, 11 we also tested the effects of GU-rich siRNA on inflammatory pain. NT siRNA, GU-rich siRNA, 11 and RISC-free siRNA were synthesized, purified, and annealed by Dharmacon Research Incorporation (Lafayette, CO, USA). An NIH-blast search was conducted to ensure that no gene was being targeted for NT siRNA. Based on these sequences, the following double-stranded siRNAs were carefully designed. The effects and sequences of these siRNA are described in Figure 1A and 1B. The siRNAs were dissolved in RNase-free water at 1 mg ml 21 as stock solutions. The siRNA was mixed with PEI (Fermentas Inc., Glen Burnie, MD, USA), 10 min before injection, to increase cell membrane penetration and reduce degradation. 10 PEI was dissolved in 5% glucose. Relative amounts of RNA to carrier were as follows: six equivalents of PEI nitrogen per RNA phosphate, which was 0.18 ml of PEI solution per microgram of RNA. The final injection solution of siRNA (0.25 mg ml
21
) contained 5% sucrose.
Animals and surgery
Experiments were performed on adult male Sprague -Dawley rats (200 -260 g). The experiments followed the Ethical Guidelines of the International Association for the Study of Pain 13 and ARRIVE guidelines. 14 All animal procedures performed in this study were approved by the Animal Care Committee of Harvard Medical School, Boston, MA, USA. For a single intrathecal injection, the spinal cord was punctured under brief sevoflurane anaesthesia using a 30 G needle between L5 and L6 of the spinal column to deliver the reagents (40 ml) into the cerebral spinal fluid. Immediately after the needle entry into the subarachnoid space (change in resistance), a brisk tail-flick was observed after the needle puncture. 15 To produce inflammatory pain, we injected 100 ml of complete Freund's adjuvant (CFA) into a hind paw of a rat. To test the effect of siRNA on CFA-induced allodynia, six groups of rats (n¼6 in each group) received intrathecal injection of 5, 10, or 20 mg of NT-siRNA, 10 mg of naked NT-siRNA, 10 mg of RISC-free siRNA, or 10 mg GU-rich siRNA (per group), 1 day before injection of 100 ml CFA into the left hind paw of rats. Two control groups of rats (n¼6 each group) received intrathecal injections of either 1.8 ml of PEI or 40 ml of saline 1 day before CFA injection. Mechanical allodynia was tested at 6 and 24 h after injection of CFA. We also tested the effect of NT-siRNA on CFA-induced heat hyperalgesia. Heat hyperalgesia was tested at 6 h after intrathecal injection of 10 mg NT-siRNA and at 24, 48, and 72 h after injection of CFA (n¼8 each group).
To test the analgesic effects and dose -responses of IFN-a, four groups of rats (n¼6 in each group) received intrathecal injection of 10, 25, or 100 ng of IFN-a 1 day after injection of CFA. The control group of rats (n¼6) received intrathecal injection of 40 ml saline 1 day after injection of CFA in the left hind paw. Paw withdrawal threshold was recorded before and 1 day after injection of CFA. Then, mechanical allodynia was tested at 30 min, 1, 2, 4, and 24 h after injection of 10, 25, or 100 ng of IFN-a or saline (control). Heat hypersensitivity was tested at 1 h after intrathecal injection of 100 ng IFN-a or 40 ml saline without further injection of CFA (n¼6). To test for the reversing effect of IFN-a neutralizing antibody on the analgesic effect produced by siRNA or IFN-a, the rats received intrathecal injections of 10 mg of NT-siRNA (n¼5) or 100 ng IFN-a (n¼6), and injection of CFA in the left hind paw 1 day before injection of the IFN-a antibody. Mechanical allodynia was tested 30 min, 1, and 3 h after intrathecal injection of 30 ng of IFN-a antibody. Similarly, to test for the reversing effect of naloxone on the analgesic effects produced by siRNA or IFN-a, the rats received intrathecal injection of 10 mg NT-siRNA (n¼5) or 100 ng IFN-a (n¼6) and injection of CFA in the left hind paw 1 day before injection of 20 nmol of naloxone. Mechanical allodynia was tested 30 min, 1, 2, and 4 h after intrathecal injection of 20 nmol of naloxone.
Western blotting
For western blotting of IFN-a (n¼6 in each group), the L4 -5 spinal cord segments were harvested 1 day after intrathecal injection of 10 mg NT-siRNA and intradermal injection of CFA into the left hind paws of the rats. The control group of rats received intrathecal injection of 1.8 ml PEI.
The rats were killed by decapitation under deep anaesthesia (intraperitoneal pentobarbital 120 mg kg 21 
Immunohistochemistry
For immunohistochemical staining, the L4-5 spinal cord segments were harvested 1 day after intrathecal injection of 10 mg NT-siRNA and intradermal injection of CFA into the left hind paws of the rats. The control group of rats received intrathecal injection of 1.8 ml of PEI. Rats (n¼3 in each group) were deeply anaesthetized with isoflurane and perfused through the ascending aorta with saline followed by 4% paraformaldehyde with 1.5% picric acid in 0.16 M phosphate buffer, and the L4-5 spinal cord segments were collected and post-fixed in the same fixative overnight. Spinal cord sections (30 mm free-floating sections) were cut using a cryostat and processed for immunofluorescence. Tissue sections were blocked with 2% goat serum, and incubated overnight at 48C with primary antibody consisting of rabbit anti-IFN-a antibody (1:1000, R&D Systems). The sections were then incubated for 1 h at room temperature with FITC-conjugated secondary antibodies (1:300, Jackson ImmunoResearch Laboratories Inc., West Grove, PA, USA). The specificity of immunostaining and antibodies was tested by (i) omission of the primary antibody and (ii) absorption of antibodies with respective peptide antigens. The stained sections were examined with a Nikon fluorescence microscope, and images were captured with a CCD Spot camera.
Behavioural analysis
The rats were habituated to the testing environment daily for at least 2 days before baseline testing. For testing mechanical sensitivity, animals were put into boxes on an elevated metal mesh floor and allowed 30 min for habituation before examination. The plantar surface of each hind paw was stimulated with a series of von Frey hairs with logarithmically incremental stiffness (Stoelting Co., Wood Dale, IL, USA), presented perpendicular to the plantar surface (3-5 s for each hair). The 50% paw withdrawal threshold was determined using Dixon's up -down method. 16 Heat sensitivity was tested by radiant heat using Hargreaves apparatus (Stoelting Co., Wood Dale, IL, USA) and the data were presented as paw withdrawal latency (PWL). The radiant heat intensity was adjusted so that basal PWL before inflammation was between 10 and 12 s, with a cut-off of 20 s to prevent tissue damage.
Statistical analysis
All data were expressed as mean (standard deviation) (SD). Differences between the groups were compared using Student's t-test or one-way analysis of variance with the Bonferroni post hoc test. The criterion for statistical significance was P,0.05. The density of specific bands from western blotting was measured using Image-Pro Plus analysis software (MediaCybernetics, Silver Spring, MD, USA), and the results were expressed as the ratio of N-methyl-D-aspartate receptor type 1 immunoreactivity to b-tubulin immunoreactivity.
Results
The mechanism by which RNAi inhibits gene expression is shown in Figure 1A . To test the off-target anti-nociceptive effect of siRNA, three NT siRNAs were used, including NT-siRNA, RISC-free siRNA, and GU-rich siRNA (Fig. 1B) . CFA-induced allodynia was attenuated by all three types of siRNAs delivered intrathecally and the anti-allodynia effects of NT-siRNA were dose-dependent: the lower dose (5 mg) was ineffective and the highest dose (20 mg) almost blocked allodynia completely (Table 1 ). In contrast, PEI or a naked siRNA (without PEI) had no effect on allodynia (Table 1) . Because the anti-allodynic effects were similar among 10, 20 mg NT-siRNA, RISC-free siRNA, and GU-rich-siRNA treatment groups, we used 10 mg NT-siRNA for the subsequent behavioural, biochemical, and histochemical studies. Of note, CFA-induced heat hypersensitivity (heat hyperalgesia) was also suppressed by NT-siRNA (Fig. 1C) . IFN responses were reported as common adverse effects of siRNAs. 11 12 Remarkably, IFN-a neutralizing antibody reversed NT-siRNA-induced anti-nociception in CFA-inflamed rats (Fig. 1D) , indicating an essential role for IFN-a in mediating siRNA-produced off-target analgesic effects.
To further support the idea that IFN-a regulates pain sensitivity, CFA-induced mechanical allodynia ( Fig. 2A) was reversed by intrathecal administration of IFN-a, in a dose-dependent manner (Fig. 2B) . IFN-a also increased paw withdrawal threshold in naïve animals (Fig. 2C) , indicating an analgesic role for IFN-a. Furthermore, the IFN-a's antiallodynic effect was reversed by intrathecal administration of the IFN-a neutralizing antibody (Fig. 2D) , suggesting a specific effect of IFN-a.
Activation of opioid receptors is implicated in IFN-a effects in the brain. 15 Notably, intrathecal administration of the opioid receptor antagonist naloxone (20 nmol) reversed the anti-allodynia effects produced by both IFN-a and NT-siRNA in the CFA model (Fig. 3) . Therefore, siRNAs are likely to produce pain relief by producing IFN-a, which may activate spinal opioid receptors. Finally, we examined IFN-a expression in the spinal cord. Western blotting analysis showed an increase in the spinal cord IFN-a level after intrathecal treatment with NT-siRNA (Fig. 4A) . NT-siRNA also increased IFN-a immunoreactivity in the dorsal horn (Fig. 4B) . Table 1 Intrathecal administration of NT-siRNA, GU-rich siRNA, or RISC-free siRNA before CFA injection attenuated CFA-induced mechanical allodynia. Values are mean (SD), *P,0.05 vs Group polyethyleneimine (PEI) (n¼6). RISC, RNA-induced silencing complex; CFA 6 h, 6 h after injection of CFA; CFA 1D, 1 day after injection of CFA 
Discussion
We demonstrated in this study that off-target antinociception/analgesia induced by IFN-a in the spinal cord is a novel effect of siRNAs. Although both the siRNA-induced IFN-a responses and IFN-a-induced analgesic effects have been reported, 11 12 17 there are no studies demonstrating that siRNAs produce analgesic effects through the IFN-a response in the spinal cord. Thus, this is the first report demonstrating the IFN-a-mediated analgesic effects of siRNAs in the spinal cord. This off-target analgesia is dosedependent and requires a high intrathecal dose (≥10 mg). 9 10 It is generally believed that siRNA-induced off-target effects are sequence-dependent. 11 12 For example, siRNAs with GU-rich immune stimulatory sequences are very potent in inducing IFN-a expression. 11 The siRNA-induced off-target analgesia shown in this study was also sequencedependent (Fig. 1B) . Longer double-strand RNAs (.30 bp) do not evoke severe side-effects in invertebrates and plants, but induce an IFN response in mammalian cells as a non-specific viral defence by activation of protein kinase R. 18 It is now clear that some siRNAs and short hairpin RNAs induce IFN responses in vitro. 12 19 In addition to responses mediated by protein kinase R, siRNAs may also activate IFN via toll-like receptors (TLR) TLR7 and TLR8, which recognize siRNAs within the endosome. 20 Recently, immunostimulatory sequence motifs were identified that should be avoided when selecting RNA interference target sequences. 11 20 In a result reported by Judge and colleagues, 11 5 ′ -UGUGU-3 ′ is the immunostimulatory motif within siRNA, based on the screening of 16 siRNAs. We tested the analgesic effect of GU-rich siRNA using the same sequence described by Judge and colleagues. 11 Our previous review 7 revealed that various doses of siRNA, from 70 ng to 400 mg daily for 6 days, have been used for modulating pain behaviour. The intrathecal doses of siRNA used in several studies are higher than 5 mg. Thus, IFN-a responses are likely to be induced in these studies. Our results demonstrated that siRNAs with different sequences could trigger off-target analgesia. It is also possible that these off-target effects could be reduced or abolished by modifying the structure of siRNAs at the sense strand termini to significantly reduce immunostimulatory activity. 20 21 We also examined IFN-a expression in the spinal cord. Western blotting analysis showed increases in spinal cord IFN-a levels after intrathecal treatment of NT-siRNA (Fig. 4A) . NT-siRNA also increased IFN-a immunoreactivity in the dorsal horn (Fig. 4B) . In the CNS, microglial cells and/or macrophages were reported to produce IFN-a and IFN-b in Hours after injection of naloxone (h) Paw withdrawal threshold (g) Fig 3 Reversal of NT-siRNA and IFN-a-induced anti-allodynia effect by intrathecal naloxone. Two groups of rats were pretreated with intrathecal INF-a (100 ng) followed by intrathecal naloxone (20 nmol) in one group and vehicle in another group. Two groups of rats were pretreated with intrathecal NT-siRNA (10 mg), followed by intrathecal naloxone (20 nmol) in one group and vehicle in another group (*P,0.05, compared with IFN-a; + P,0.05, ++ P,0.01, compared with NT-siRNA; n¼6). human brains. 22 In this study, we further demonstrated that intrathecal administration of the opioid receptor antagonist naloxone (20 nmol) reversed the anti-allodynia effects produced by both IFN-a and NT-siRNA in the CFA model (Fig. 3) . Therefore, siRNAs produce pain relief by producing IFN-a, which activates spinal opioid receptors. These findings uncovered a novel role of IFN-a in regulating siRNA-induced off-target analgesic effects and revealed a possible new form of neuronal -glial interaction in the spinal cord that could negatively regulate pain sensitivity. Accumulating evidence suggests that neural -glial interactions in the spinal cord facilitate chronic pain states. For example, spinal glia produce proinflammatory cytokines (e.g. tumour necrosis factor-a, interleukin-1b) and chemokines (e.g. C-C motif ligand 2) to increase the sensitivity of spinal nociceptive neurones, 29 -31 although these proinflammatory cytokines may impair learning and memory in the brain. 32 Neural -glial interaction may also negatively regulate pain sensitivity via anti-inflammatory cytokines such as IL-10. 33 Astrocytes are sensitive to develop innate immune responses to lipid-carried siRNAs. 34 Although IFN-a can be released from glial cells such as microglia cells, astrocytes, and neurones, 22 -26 it is highly possible that spinal cord astrocytes are the major source of IFN-a after intrathecal administration of siRNA. In addition to an action on opioid receptors, there may be other mechanisms for the analgesic effects of IFN-a. The detailed mechanisms and pathway of secretion and analgesic effect of IFN-a induced by siRNA in the spinal cord deserve further investigation. In summary, pain relief by a designed siRNA may not be attributable to target gene knockdown. Although previous studies suggested that some sequences (e.g. GU-rich) were essential for siRNA-induced IFN responses, 11 20 our data showed that non GU-rich sequences also produced offtarget analgesia at high doses. Thus, caution must be taken when designing siRNAs for target validation in pain research.
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